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Introduction
1,1-Diaryl-2,2-difluoroethenes are an important class of gem-difluoroalkenes, which have the potential to be used for a wide range of purposes, including functional materials and medicines such as photoreceptors [1] , anticancer drugs [2] , and dermatological agents [3] . These compounds are also expected to be bioisosteres of biologically active diarylketones [4] . Despite their versatility, the supply of 1,1-diaryl-2,2-difluoroethenes has been limited because of difficulties involved in synthesizing them (Scheme 1) [5, 6] . Conventional synthetic methods, especially for unsymmetrically disubstituted 1,1-diaryl-2,2-difluoroethenes, have mostly required difluorovinylidene species to be synthesized as key intermediates, bearing both a metal functional group and a halogen (or pseudohalogen) substituent at the carbon β to the fluorine substituents [6] . This is due to selective introduction of two different aryl groups. The preparation of such intermediates is troublesome and requires extra synthetic steps. A straightforward synthesis of unsymmetrical 1,1-diaryl-2,2-difluoroethenes might be achieved simply with two reactivity-controlled coupling reactions, starting from 1,1-difluoro-2,2-dihaloethenes. However, there are only a few examples of the monoarylation of symmetric gem-dihaloethenes [7] , because this type of selective reaction requires steric and/or electronic effects of vinylic substituents [8] . Although the monoarylation of symmetric gem-dichloroethenes has been reported, the low reactivities of their chlorine substituents might prevent a second arylation toward diarylated ethenes.
Using highly reactive coupling partners of the arylating agents and/or vinyl halides (or pseudohalides) would easily induce double arylation, leading to undesirable symmetrical byproducts. Therefore, the selective synthesis of unsymmetrically disubstituted 1,1-diaryl-2,2-difluoroethenes is a significant challenge.
To solve these synthetic problems, we sought to find an appropriate ligand for each coupling step, preventing the formation of symmetrical 1,1-diaryl-2,2-difluoroethenes 3.
We eventually achieved the selective synthesis of unsymmetrical 1,1-diaryl-2,2-difluoroethenes 4 by choosing ligands to control the reactivities in the first and second arylations of 1,1-dibromo-2,2-difluoroethene (1), which is commercially available (Scheme 2) [9] . 
Results and discussion
2.1. The first coupling: Selective synthesis of 1-aryl-1-bromo-2,2-difluoroethene 2 from
To synthesize unsymmetrically disubstituted 1,1-diaryl-2,2-difluoroethenes 4, we first sought suitable conditions for selective monoarylation in the Suzuki-Miyaura coupling between 1,1-dibromo-2,2-difluoroethene (1) and phenylboronic acid, using cesium fluoride as a base ( Table 1 ). The choice of ligands used with Pd 2 dba 3 ·CHCl 3 (dba = dibenzylideneacetone) was found to be critical for the yield of the monoarylated product, 1-bromo-1-phenyl-2,2-difluoroethene (2a, Entries 1-8). Among the ligands that were screened, 1,1-bis(diphenylphosphino)methane (dppm) gave the highest yield of 2a (Entry 8), suppressing the formation of the diarylated product 3a. Co-solvents used with water (Entries 9-14) at different ratios (Entries 15-16) were subsequently examined. Ether-type solvents typically gave good yield and selectivity of 2a (Entries 9-11), and dioxane gave the highest yield of 2a in a short reaction time (Entry 11).
Finally, we found that the optimum dioxane/water ratio was 2:1 (Entry 16), which gave, almost exclusively, bromodifluorostyrene 2a in 80% yield. Once the optimal conditions had been determined, we investigated the scope of the substrate (Table 2) . Monoarylation with several para-functionalized (Me, Ph, OMe, and F) phenylboronic acids was successfully achieved, providing bromodifluorostyrenes 2a-2e. To the best of our knowledge, this is the first example of the selective monoarylation of symmetrical gem-dibromoalkenes. The ligand used for the second coupling in the synthesis of unsymmetrically disubstituted 1,1-diaryl-2,2-difluoroethenes 4 was examined next, and the ligands were screened in the Suzuki-Miyaura coupling of monoarylated bromodifluorostyrene 2c with 4-fluorophenylboronic acid, at higher temperatures than in the first step. The second coupling proceeded most effectively using triphenylphosphine, yielding 1,1-diaryl-2,2-difluoroethenes 4c in 72% yield (Entry 1). The low yield obtained using dppm indicated that dppm, although highly suitable for the first coupling, effectively suppressed the second coupling (Entry 4). The synthesis of several unsymmetrically disubstituted 1,1-diaryl-2,2-difluoroethenes 4 was examined under the conditions described above (Table 4 ). Both para-substituted (Me, OMe, and F; Entries 1-3) and ortho-substituted (Me; Entry 4) phenylboronic acids readily participated in the reaction, affording the desired difluoroethenes 4a-d in high yields. 
Conclusion
We synthesized unsymmetrically disubstituted 1,1-diaryl-2,2-difluoroethenes 4 via stepwise Suzuki-Miyaura coupling reactions, starting from 1,1-dibromo-2,2-difluoroethene (1). The key to success was using the most appropriate ligand in each coupling step. These protocols provide a versatile method for synthesizing 1,1-diaryl-2,2-difluoroethenes, involving the direct coupling of 1,1-dibromo-2,2-difluoroethene. We expect 1,1-diaryl-2,2-difluoroethenes formed using this method to be biologically active compounds and important intermediates for further chemical transformations.
Experimental

General Information
IR spectra were recorded on a Horiba FT-300S spectrometer. NMR spectra were recorded on a Bruker Avance 500 spectrometer in CDCl 3 at 500 MHz ( 1 H NMR), at 126
MHz ( 13 C NMR), and at 470 MHz ( 19 F NMR). Chemical shifts were given in ppm relative to internal Me 4 Si (for 1 H NMR: δ = 0.00), CDCl 3 (for 13 C NMR: δ = 77.0), and C 6 F 6 (for 19 F NMR: δ = 0.0). High resolution mass spectroscopy (HRMS) was conducted with a JMS-T100GCV spectrometer.
1,1-Dibromo-2,2-difluoroethene, purchased from SynQuest Labs, Inc., was used without further purification. Unless otherwise noted, materials were obtained from commercial sources and used directly without further purification. Column chromatography was performed on silica gel (Kanto, spherical and neutral, 63-210 mesh).
Spectral data for compounds 2a [10, 11] , 2b [12] , 2d [12] , and 2e [11] showed good agreement with the literature data. As for compounds 2a, 2b, 2d , and 2e, we present only NMR data in this section.
Synthesis of 1-aryl-1-bromo-2,2-difluoroethenes 2
Typical procedure for the synthesis of 1-aryl-1-bromo-2,2-difluoroethenes 2
In a pyrex-glass tube were placed phenylboronic acid (61 mg, 0.50 mmol), CsF (152 mg, 1.0 mmol), Pd 2 dba 3 ·CHCl 3 (2.6 mg, 2.5 µmol), and dppm (1.9 mg, 4.9 µmol). After the tube was purged with nitrogen, a pre-degassed mixed solvent (2.5 mL, 1,4-dioxane/water = 2:1) and 1,1-dibromo-2,2-difluoroethylene (1, 48 µL, 0.50 mmol) was added to the tube. After stirring for 3 h at 60 °C, the mixuture was quenched with NH 4 Cl aq., and organic materials were extracted with ether three times. The combined extracts were washed with brine and dried over Na 2 SO 4 . After removal of solvent under reduced pressure, the residue was purified by column chromatography on silica gel (pentane) to give 2a (95 mg, 86%) as a colorless oil. data of 1-aryl-1-bromo-2,2-difluoroethenes 
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